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Abstract 
 
With air-tight housing construction becoming common practice in Canada the importance of providing fresh-air to interior spaces 
has never been greater. Fixed-plate cross-flow air-to-air heat/energy exchangers are utilized extensively across Canada; however 
limitations still exist for northern Arctic regions. This paper presents preliminary performance results pertaining to the use of 
water-vapour permeable cores in fixed-plate cross-flow air-to-air heat/energy exchangers for net-zero energy homes located in 
Arctic regions. Experimental tests were conducted with the use of a purpose built experimental setup where inlet supply and exhaust 
air conditions are controlled. The results and conclusions will aide in the design and evaluation  of  a heat/energy exchanger for 
Arctic regions to be completed in future work. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the CENTRO CONGRESSI INTERNAZIONALE SRL. 
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1. Introduction 
 
Air-to-air heat/energy exchangers are utilized extensively across Canada to reduce the energy required for heating 
while providing outside air to air-tight housing. Limitations, however, still exist for northern Arctic regions. Due to 
the extremely cold inlet supply temperatures in these regions, water-vapour in the exhaust air condenses resulting in 
frost formation within the air exchanger core. This phenomenon can result in a reduction in system efficiency and if 
allowed to propagate can lead to system failure and/or damage. 
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Nomenclature 
Symbols Subscripts 
cp 
 
specific heat of dry air, J/(kg∙K) 
heat of vapourization of water, J/kg 
mass flow rate of dry air, kg/s 
i initial 
min minimum 
1 inlet supply air 
 
 
 
 
 
 
p dynamic pressure, Pa 2 outlet supply air 
T temperature, K 3 inlet exhaust air 
W humidity ratio, kgwater/kgdry air 4 outlet exhaust air 
ε transfer effectiveness   
εs εl 
sensible heat transfer effectiveness 
latent heat transfer effectiveness 
  
φ relative humidity, %   
 
Residential fixed-plate air-to-air heat/energy exchangers require the temporary recirculation of warm inlet exhaust 
air through the exchanger core to defrost accumulated frost when inlet supply air temperatures drop below the 
frosting limit. The frosting limit is defined as the lowest inlet supply air temperature which does not lead to 
frosting in the exchanger core [1]. The duration of the defrosting cycle and the period of regular operation vary 
depending on the temperature of the inlet supply air. For extremely cold climates, some exchangers allow for the 
further reduction of the operating period to reduce the amount of time for frosting. One trade-off of this method of 
frost management is that the supply of outside air to the home is temporarily interrupted during the defrosting cycle. 
Another frost management option used in Arctic Canada involves the pre-heating of the inlet supply air, through 
the use of an auxiliary heating system, above the frosting limit of the respective exchanger core. In addition to reducing 
the potential energy recovered by the exchanger, this option can be costly [2]. This is primary due to diesel generation, 
and the associated costs, accounting for nearly all electricity consumed in Arctic Canada [3]. 
The benefits of heat/energy exchangers in Arctic Canada are not limited to energy savings. The  northern Canadian 
territory of Nunavut has the highest rate of overcrowding in Canada. In 2010, 35% of dwellings in Nunavut were 
considered to be overcrowded while 23% were in need of major repair [4]. In addition to these statistics, ventilation 
rates in a sample group of dwells in Iqaluit, the largest city in Nunavut, were found not to meet the requirements for 
the persons living in the dwellings [5]. It was found that installing air-to-air heat exchangers in these homes not only 
improves ventilation rates but can help prevent respiratory disorders (i.e.  wheezing and rhinitis) and reduce indoor air 
contaminants [6]. These issues along with the added energy savings underline the importance of providing reliable 
outside air to the dwellings located in Arctic Canada. 
 
1.1. Performance indicators 
 
The transfer effectiveness, ε (sensible heat and/or latent heat), and air mass flow rate are two performance 
indicators commonly used in the evaluation of air-to-air heat/energy exchangers [7]. The sensible heat transfer 
effectiveness, ss (Eq. 1) is the ratio between the actual and maximum potential sensible heat transferred from the 
warm exhaust airstream to the cold supply airstream.   While the latent heat transfer effectiveness, s1  (Eq. 2) is   the 
ratio between  the actual and maximum  potential  latent  heat  transferred  from  the exhaust  airstream to  the supply 
airstream. 
ṁ 2cp(T1 − T2 ) 
ss = m c (T − T ) (1) 
min  p    1 3 
ṁ 2ℎfg(W1 − W2 ) 
s1 = m 
(2) ℎ   (W − W ) 
min fg 1 3 
The formation of frost can be detected through visual monitoring. One advantage of visual monitoring is that it 
typically results in the earlier detection of frost formation when compared to pressure drop measurements [1]. 
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However, this method of monitoring is not always practical when an air-to-air heat/energy exchanger is in operation. 
Core frosting can be indirectly observed by monitoring the mass flow rate of exhaust air, ṁ 3 through the exchanger. 
As frost accumulates within the core the mass flow rate of the exhaust air will decrease. 
 
2. Objective 
 
The objective of this study is the assessment of the performance, under frosting conditions, of (i) sensible heat 
exchanger cores and (ii) sensible and latent heat (through the transfer of water-vapour between  airstreams) exchanger 
cores.  The following are the sub-objectives: 
x The evaluation of the sensible heat and latent heat (when applicable) transfer effectiveness of the two 
cores at inlet supply air temperatures surrounding the corresponding frosting limits. 
x The detection of the start of core frosting at different inlet supply air temperatures. 
x The comparison of the frosting limits of sensible heat exchanger cores and sensible and latent heat 
exchanger cores. 
 
3. Methodology 
 
3.1. Experimental Setup 
 
The experimental setup (Fig. 1) is a closed loop system, where the indoor and outdoor conditions are simulated 
within two environmental chambers connected by a heat/energy exchanger. 
A test-duct setup is used for the measurement at the inlet and outlet positions of both the supply and exhaust 
airstreams. The average air temperature, T across the cross-section of the test-duct is determined from the 
measurements of eight thermocouples arranged in two concentric circles around the axis of the duct. The relative 
humidity, φ of the air is measured using a hygrometer placed into the airstream. The dynamic pressure, p of the air- 
flow in each test-duct is measured using a self-averaging Pitot-static tube array; from which the air mass flow rate is 
calculated by using the calibration curve. 
 
 
 
 
Fig. 1. Experimental setup schematic 
 
The fixed-plate cross-flow heat/energy exchanger has four vertically aligned inlet/outlet ports located on the top of 
the unit. The exchanger is insulated from the ambient conditions with expanded polystyrene. The factory-set 
airflow rate of the exchanger is approximately 0.037 m3/s. The defrost cycle was disabled for the tests conducted in 
this study. 
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Two different types of heat/energy exchanger cores are tested in this study (Table 1). Core A permits only the 
sensible heat transfer between the exhaust and supply airstreams; while Core B allows for both the transfer of 
sensible heat and latent heat, through the transfer of water-vapour, between the airstreams. Both of the cores are of 
cross-flow fixed-plate construction and have dimensions of .254 m x .254 m x .362 m. 
 
Table 1. Exchanger core specifications 
 
Core Transfer between airstreams Core Material Exchange Surface Area (m2) 
Core A Sensible heat-only Polypropylene 9.7 
Core B Sensible heat and water-vapour Polymerized Paper 9.5 
 
The cores feature a sandwich-style structure (Fig. 2). Core A consists of corrugated polypropylene sheets separated 
and supported by spacers of the same material. Core B is constructed of heat and water-vapour permeable polymerized 
paper separated and supported by a corrugated metal sheet. The differences in the construction of the cores results in 
a slight difference in the exchange surface areas. 
 
a.     b.  
Fig. 2. (a) Core A structure; (b) Core B structure 
 
3.2. Test Conditions 
 
The starting point of test conditions in the outdoor air chamber are based on the frosting limit of the two types of 
cores, as indicated by the manufacturer. Sensible heat exchanger cores typically have a frosting limit of −5°C, while 
sensible and latent exchanger cores allow for temperatures down to −10°C without frost [8,9]. The difference 
between the frosting limits is primarily due to the transfer of water-vapour from the exhaust airstream to the supply 
airstream for water-vapour permeable cores. In order to evaluate the core performance beyond the typical frosting 
limits the cores are tested at two other inlet supply air temperatures at 5°C decrements beyond the frosting limit. 
The inlet exhaust air temperature (from the indoor air chamber) remains constant for all tests at 22°C with a 
relatively humidity of 35%. The volumetric air flow rate is 0.037 m3/s and is equal for both airstreams (balanced 
airflow). This air flow rate represents the continuous ventilation requirements for a typical newly built home in 
Arctic Canada [10]. 
 
4. Results and Discussion 
 
4.1. Heat/energy Transfer Effectiveness 
 
Table 2 shows the sensible and latent heat transfer effectiveness results for Core A and Core B at the different 
inlet supply air temperatures. The values presented in this table are the mean value ± standard deviation of the 
corresponding variable measured or calculated for periods where no frost is detected. 
2600   Colin Beattie et al. /  Energy Procedia  78 ( 2015 )  2596 – 2601 
 
 
 
 
 
 
 
 
 
 
Core A at -5°C Core A at -10°C
Core A at -15°C 
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Table 2. Core sensible and latent heat transfer effectiveness results at different inlet supply air temperatures 
 
Core T¯1(°C) ¯3(%) ss s1 
Core A 
Core A 
Core A 
−  5.4 ± 0.0 
−10.4 ± 0.0 
−14.9 ± 0.1 
33.43 ± 0.83 
34.24 ± 0.56 
33.58 ± 0.60 
0.78 ± 0.01 
0.78 ± 0.01 
0.81 ± 0.01 
- 
- 
- 
Core B 
Core B 
Core B 
−10.8 ± 0.1 
−15.3 ± 0.1 
−20.5 ± 0.1 
34.26 ± 0.49 
34.08 ± 0.52 
34.38 ± 0.50 
0.76 ± 0.01 
0.77 ± 0.01 
0.79 ± 0.01 
0.60 ± 0.01 
0.64 ± 0.02 
0.60 ± 0.02 
 
The inlet supply air temperature, for the conditions of this study, has little effect on the sensible heat transfer 
effectiveness of both cores.  The same relationship is observed with the latent heat transfer effectiveness of Core B. 
 
4.2. Frost Formation and Mass flow rate 
 
As expected, the formation of frost within the cores affects the mass flow rate of the inlet exhaust air, ṁ 3 
(i.e., the air removed from the indoor air chamber) for Core A and Core B (Fig. 3). 
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Fig. 3. Reduction of the exhaust air mass flow rate, the moving average (n = 11, measurement recording interval = 30s), at different inlet supply 
air temperatures, through (a) Core A and (b) Core B 
 
When the inlet supply air temperature is −5°C the exhaust mass flow rate remains constant indicating little to no 
frost formation in Core A (Fig. 3a). However, when T1 is reduced to −10°C the mass flow rate begins to decrease 
after approximately one hour of operation. This decrease in ṁ 3 due to frost formation is experienced sooner  when 
the inlet supply air temperature is at −15°C. After two hours of operation, the air mass flow rate in the case of 
Core A was reduced by 5.6% for T1 = −10°C and 9.8% for T1= −15°C. 
For T1 = −10°C and −15°C, the air mass flow rates over the duration of the tests for Core B did not vary considerably 
(Fig. 3b). However, for T1 = −20°C there was a 5.5% decrease in the mass flow rate of exhaust air after more than 3 
hours of operation.   The increase in the weight of Core B when T1  is −10°C, −15°C and −20°C, is 
0.28 kg, 0.36 kg and 0.48 kg, respectively.  The increase in core weight indicates that condensation and   potentially 
frosting have occurred in Core B at all tested temperatures. 
The transfer of water-vapour from the exhaust airstream to the supply airstream delays the formation of frost in 
Core B.  Fig. 4 shows the moving average (n = 31) of ṁ 3 for both Core A and Core B at T1   equal to −15°C. 
 
 
 
 
 
 
 
 
 
 
Core B at -10°C Core B at -15°C
Core B at -20°C 
ṁ 3
/ṁ
3i
 
 Colin Beattie et al. /  Energy Procedia  78 ( 2015 )  2596 – 2601 2601
1.2 
 
1.1 
 
1.0 
 
0.9 
 
0.8 
 
0.7 
 
0.6 
0 30 60 90 120    150    180 
Duration [mins] 
 
Fig. 4. Reduction of the exhaust air mass flow rate, the moving average (n = 11, measurement recording interval = 30s), through Core A and 
Core B at inlet supply air temperature of -15°C. The shaded section shows the duration of a defrost cycle when enabled. 
 
Core B experiences a small variation in the mass flow rate over the duration of the test indicating little to no core 
frosting.  Without the transfer of water-vapour, Core A experiences a clear decrease in the air mass flow rate. 
 
5. Conclusions 
 
The sensible and latent heat transfer effectiveness are not affected by the inlet supply air temperatures for the range 
of −5°C to −15°C for sensible heat exchanger cores and −10°C to −20°C for sensible  and  latent heat exchanger cores. 
The formation of frost, irrespective of core type, increases as the inlet supply air temperature decreases. Additionally, 
as expected the presence of frost in the cores decreases the mass flow rate of the inlet exhaust air. Finally, the 
transfer of water-vapour from the exhaust airstream through the use of sensible and latent heat exchanger cores 
delays the onset of frost formation, and in turn the need for defrosting, when compared to sensible heat exchanger 
cores. 
 
Acknowledgements 
 
The authors would like to thank the Natural Sciences and Engineering Research Council of  Canada, whom through 
the Smart Net-Zero Energy Buildings Strategic Research Network has supported the investigations within this 
project. Additionally, the authors would like to thank Venmar Ventilation ULC for providing technical support and 
experimental equipment. 
 
References 
 
[1] Rafati Nasr M, Fauchoux M, Besant RW, Simonson CJ. A review of frosting in air-to-air energy exchangers. Renew Sustain Energy Rev 
2014;30:538–54. 
[2]  Kragh J, Rose J, Svendsen S. Mechanical ventilation with heat recovery in cold climates. Proceeding seventh Nord. Symp. Build. Phys. 
Nord. Ctries., 2005, p. 1–8. 
[3]   National Energy Board. Energy Facts - Energy Use in Canada’s North. 2011. 
[4]   Statistics Canada. An analysis of the housing needs in Nunavut : Nunavut Housing Needs Survey. 2010. 
[5] Kovesi T, Gilbert NL, Stocco C, Peng DF, Dales RE, Guay M, et al. Indoor air quality and the risk of lower respiratory tract infections in 
young Canadian Inuit children. Can Med Assoc J 2007;177:155–60. 
[6]  Kovesi T, Zaloum C, Stocco C, Fugler D, Dales RE, Ni A, et al. Heat recovery ventilators prevent respiratory disorders in Inuit children. 
Indoor Air 2009;19:489–99. 
[7]  ASHRAE. Method of Testing Air-to-Air Heat/Energy Exchangers. ANSI/ASHRAE Stand 84 2013. 
[8] Phillips EG, Fisher DR, Chant RE, Bradley BC. Freeze-control strategy and air-to-air energy recovery performance. ASHRAE J 1992:44–9. 
[9]  Fisk WJ, Chant RE, Archer KM, Hekmet D, Offerman III FJ, Pederson BS. Onset of freezing in residential air-to-air heat exchangers. 
ASHRAE Trans 1985;91:145–58. 
[10] ASHRAE. Ventilation and Acceptable Indoor Air Quality in Low-Rise Residential Buildings. ANSI/ASHRAE Stand 62-2 2013. 
Core B at -15°C 
Core A at -15°C 
ṁ 3
/ṁ
3i
 
